The paper deals with the problem of material fracture prediction in metal forming processes. It was found that the application of well-established solutions for ductile fracture prediction to the modelling of cross rolling processes leads to serious errors. These errors result from the fact that the limit value of the damage function determined via uniaxial tensile and compression tests is too low. Therefore, it is necessary to devise a new test in which the state of stress is similar to that in a cross wedge rolling process characterized by the occurrence of alternating compressive and tensile stresses.
INTRODUCTION
In the course of its deformation, materials may become separated into parts, which can occur in two different ways [1, 2] :
• as brittle fracture -metal cohesion is broken due to rupture of atomic bonds; • as ductile fracture -plastic strains occur without breaking metal cohesion.
It is worth stressing the fact that metal fracture is always preceded by strains. In terms of elastic stresses, even when material undergoes cracking, plastic strains occur near the surface of material separation known as fracture.
In terms of stress, the condition of brittle fracture can be expressed as:
σ z = R 0 (1) where: R 0 is the cohesive strength of material, σ z is the reduced stress calculated from effort hypotheses, e.g.: maximal principal stress (σ z = σ 1 ) or maximal elastic elongation (σ z = σ 1 -ν(σ 2 + σ 3 )).
What may occur during the forming of metals and their alloys is ductile fracture that describes the potential forming limit in a given metal forming process. Ductile fracture results from the change in material energy due to the accumulation of plastic strains causing fracture, which can be described with the expression (known as the damage criterion):
where: Φ(σ) is the function describing the effect of stress on the rate of formation and connection of cavities, ε f is the limit strain, C is the limit value of the damage function.
An overview of the literature [3] [4] [5] [6] [7] [8] [9] [10] reveals that there is a number of ductile fracture criteria that are based on the function Φ(σ). The most important of these criteria are listed in Table 1 , of which the last two (11) and (12) refer to the problem of ductile fracture in the aspect of stress and strain.
The practical use of the fracture criteria listed in Table 1 , incorporated into many commercial computer simulation programmes, requires the knowledge of limit values of the damage function C. These values are determined by means of tensile, compression or torsion tests performed The research conducted by many scientists demonstrates that fracture depends not only on grain size, temperature and strain rate [3, [11] [12] [13] , but on the state of stress described by a strain history as well [5, [14] [15] [16] [17] . The main conclusion drawn from the results is that the fracture criterion is well-suited for the modelling of material fracture provided that the stresses in the test and the investigated process are similar.Given the need to come up with a universal solution, limit values of the damage function began to be determined by a variety of tests, i.e., for different states of stress, e.g. stress triaxiality T = σ m ⁄σ i . These values are then plotted as workability diagrams. Such diagrams are best suited when investigating sheet forming -assuming the plane state of stress, they serve for drawing so-called forming limit diagrams. Limit values are usually determined by the Nakajima test performed in compliance with a relevant ISO standard [14, 18] . This can also be done using the Erichsen cupping test [3] or the tensile test performed on flat specimens with side undercuts of different sizes [19] . Thereby obtained data can be implemented into specialist computer software and effectively used to investigate sheet forming processes such as blanking, bending and press forming [4, 6, 9, 13, 14, [20] [21] [22] [23] [24] .
The metal forming of solids requires more complex analyses. Limit damage functions are determined here by tensile and compressive tests of axisymmetric specimens and are often averaged [15] . A significant problem with hot compression tests concerns the determination of fracture initiation moment. The moment is difficult to determine because of strong thermal radiation that hampers recording the test with a camera [25] . This leads to a lower accuracy of material fracture prediction. For this reason, the number of scientific publications devoted to the problem of material fracture in metal forming processes for solids is considerably smaller than that on sheet forming. In this context one can enumerate studies on cold metal forming processes by forging [26] [27] [28] , extrusion [4] , drawing [29] .
It is very difficult to analyse the cases of forming in which the stresses cyclically change from tensile to compressive, and vice versa. Such states are characteristic of cross rolling processes (used for producing stepped shafts and axes and for forming screw threads and gear teeth) and skew rolling processes (used for producing tubes, balls for grinding media, rolling elements for bearings). In these processes, the stresses can lead to fracture in the central region of the workpiece [30] [31] [32] . The use of constant limit values determined by tensile or compression tests does not yield correct results. To prove the above thesis, an analysis was performed. A detailed description of the analysis and its findings are given below.
DETERMINATION OF THE LIMIT VALUE OF THE COCKROFT-LATHAM DAMAGE FUNCTION
First of all, the limit damage function for C45 steel was determined in compliance with the Cockroft-Latham criterion in a tensile test for axisymmetric specimens that was performed under hot metal forming conditions. Experimental tests were performed on the thermal-mechanical simulator Gleeble 3800, available at the Częstochowa University of Technology. The axisymmetric specimens used in the experiments had a diam- 
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eter of 10 mm and a length of 116.5 mm, and were screwed on both sides (Figure 1) . In their central region, the specimens had necking to facilitate the locating of strains. Prior to putting them in the simulator, the specimens were fixed in the tools and provided with a thermocouple to enable temperature measurements during the test. The tension test was performed in the following way: the specimens were heated to the test temperatures (900°C, 1000°C, 1100°C and 1200°C) at a velocity of 10°C/s ( Figure 2 ); they were maintained at the target temperature for 5 s; the specimens were then subjected to tension at a tool velocity of 5 mm/s until fracture; finally, the specimens were removed from the machine. After the test, the fractured specimens were subjected to visual inspection ( Figure 3) . Then, the value of elongation of specimen fracture was determined. The damage function value was determined numerically by the finite element method.
The average limit value of the integral versus temperature is shown in Figure 4 . The data given in the figure demonstrate that the limit values of the damage function depend on temperature. The trend line (marked in red in Figure 4) shows a slight decrease in the function's value with an increase in the temperature. In the uniaxial tensile test parameter σ 1 /σ i = 1 and does not depend on the temperature. The value of the integral C-L in this case depends only on the value of the critical plastic strain at fracture. Value of critical strain should be increase with an increasing in thetemperature. In connection with the above the obtained results shown in Figure 4 should be repeated in a different method. However most FEM-based computer simulation programmes (including DEFORM-3D, Simufact.Forming, Forge) allows for entering only one limit value of the integral. Given this, it was considered necessary to determine the value of C 2 for the entire hot forming temperature range (900-1200°C) for C45 steel. The value of C 2 ranged 0.756 ± 0.125.
ANALYSIS OF A ROLLING PROCESS FOR PRODUCING A DRIVE SHAFT WITH RESPECT TO MATERIAL CRACKING
Further on, a cross wedge rolling process for producing a drive shaft shown in Figure 5 was analyzed. A detailed account of the analysis is given in [33] . Such a shaft can be formed using either single or double configuration. The latter solution is more effective as it ensures: 1) twice higher efficiency; 2) reduced material losses; 3) lower energy consumption to produce the shaft; 4) lower probability of crack formation inside the shaft. 4 -1200°C Figure 6 shows the geometrical model of a cross wedge rolling process for producing a drive shaft using double configuration. The model was created with the FEM-based Simufact.Forming computer software. The model was used to simulate this process numerically. The rolling process was based on the following assumptions: the upper tool moves with a velocity of 300 mm/s, while the lower toolis stationary; the model of the billet is assigned the properties of C45 steel obtained from the material database of the software used; prior to rolling, the billet is heated to a temperature of 1150°C; the temperature of the tools is maintained constant at 50°C; the limit value of the friction factor on the material-tool surface is set to 1.0; the coefficient of heat transfer between tools and workpiece is set to 10 kW/m 2 K. The numerical results provided a great deal of information about the investigated forming process, including the distributions of the temperature and the damage function, shown in Figure 7 . The results demonstrate that the temperature of the shaft is within the hot forming range, while in the axial zone it ranges 950°C÷1000°C. Therefore, material fracture in this process can be predicted based on the data given in Figure 4 . An analysis of the damage function (measured according to the Cockroft-Latham criterion) shown in Figure 7 demonstrates that in the central region (shaft-connecting element), the function exceeds 1.05, while in the side regions (the smallest diameter end step of the shaft) its value is even over 1.2. In these regions of the shaft, the fracture results from the fact that the limit value of the damage function has been exceeded (C 2 = 0.756 ± 0.125).
The rolling tests conducted under laboratory conditions at the Lublin University of Technology, using the same parameters as in the numerical simulation, led to producing drive shafts that are shown in Figure 8 . However, the results of destructive tests consisting in uncovering of the axial section of the shafts reveal that the shafts are free from any internal cracks. This means that the limit values of the damage function obtained from the tensile test cannot be used to investigate cross rolling and skew rolling processes.
In light of the above, it is fully justified to develop new research methods for determining limit values of the damage function under changing loads that are typical of cross wedge rolling and skew rolling processes. In these processes, the stresses in the axial zone of the rotated workpiece alternately change from tensile to compressive (two times per one revolution of the workpiece). One of such methods is an innovative rotary compression test developed by Z. Pater. The method has been granted patent protection with the Patent Office of the Republic of Poland [34, 35] .
CONCLUSIONS
The paper dealt with the problem of predicting the moment of material fracture in cross roll- 1. The moment of material fracture in cross wedge rolling processes can be determined via the well-established criteria for ductile fracture prediction, the most important of which are specified in Table 1. 2. Limit values of the damage function should not be determined by standard tensile and compression tests, as in the case of cross rolling processes -these tests produce wrong results.
3. It is necessary to devise a new test for determining the limit damage function, in which the state of stress will be similar to that occurring in cross and skew rolling processes. The rotary compression test developed at the Lublin University of Technology seems to be well-suited for this purpose. 
